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VARIABLE FOCAL-LENGTH LENS ASSEMBLY 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

This invention is related to the general field of lenses 
with variable focal length. In particular, the invention 
consists of devices with variable optical properties 
changed by the introduction of very thin liquid layers 
10 between opposite optical surfaces. 

Description of the Prior Art 

Presbyopia, disease, genetic conditions and accidents 
often affect people's ability to focus over a wide range 

15 of viewing distances. Therefore, most people at some 

point in their lives need to wear glasses to correct their 
eyesighty Often with different correction requirements for 
-distant and near vision. To that end, people use bifocal 
Vior even trifocal lenses that provide specif ic cbrrectlipri; 

2oVbver predetera these lenses , dp not '/.V 

af f ord igood qdrrec for intermediate distances. \ 
Therefore/ the ideal corrective lens should have 
adjustable refractive power to provide variable vision 
compensation for any distance. 

25 

Accordingly, for many years inventors have been trying to 
develop eyeglasses with controllable focusing power. 
Various inventions have involved the use of conventional 
mechanically-operated zoom lenses, which are relatively 

30 heavy, and liquid-crystal lenses, which suffer from 
turbidity and insufficient refractive-index change. 
Another approach has been to use various forms of liquid 
lenses, which typically have small apertures, poor optical 
focusing, and require large amounts of liquid to change 

35 their properties, causing them also to be heavy and 
cumbersome . 
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Several patents exist for eyeglasses with variable focal 
length obtained by moving solid lenses, as in zoom lenses. 
See, for example, U.S. Patent No. 4,865,438. Because of 
the multiple lenses and mechanisms required for the 
5 variable focal length feature, these glasses are 

necessarily heavy and cumbersome. Thus, they are not yet 
found in standard eyewear. 

A more common approach to achieve this goal has been 
10 through the use of liquid or deformable-gel lenses. See, 

for example, U.S. Patents No. 2,437,642, No. 2,576,581, 

No. 3,161,718, No. 3,614,215, No. 3,738,734, No. 

4,174,156, and No. 4,466,706. All of these patents 

disclose inventions designed to produce varied focal 
15 lengths by changing the content, shape or thickness of 

fluid-filled lenses, thus providing variable refractive 

characteristics in a single lens. 

. In particular, U.S. Patent No. 4,181,408. discloses a .,r 
20 vision compensation system that includes fluid lenses .that,, 
are adaptively adjustable to correct for vision at . - 
different focal lengths. The refractive power of the 
lenses, mounted on a standard spectacle frame, is changed 
by varying their curvature as a function of the amount of 
25 liquid retained in them, which is in turn controlled by a 
hydraulic pump system that is operable either manually or 
automatically . 

A similar device was disclosed in U.S. Patent No. 

30 5,182,585, involving eyeglasses equipped with liquid 

lenses having adjustable refractive power that depends on 
the amount of liquid forced into each lens. An 
electrically powered pump and an electronic controller 
regulate the liquid input to the lenses in response to a 

35 signal determined by the focal length required for viewing 
a given object in the field of vision, as determined by a 
rangefinder mounted on the frame of the eyeglasses. 
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Other patents involving liquid-filled lenses were issued 
to Croll (U.S. Patent No. 5,013,145), describing novelty 
eyeglasses that use a space between lenses that can be 
filled with a colored liquid (but are not focusable 
5 thereby); Gerber (U.S. Patent No. 4,418,990), disclosing 
glasses having variable focal length adjusted by pressure 
along the lens; Quaglia (U.S. Patent No. 5,739,959), 
teaching the use of a clear magnetic fluid and solid 
optical components moved via electromagnets to 
10 automatically focus eyeglasses; and Cronin et al. (U.S. 
Patent No. 5,526,067) and Kurtin et al. (U.S. Patent No- 
5,138,494), teaching the use of liquid surfaces to form 
lenses with variable focal length. 

15 Obviously, the cpmplex hardware involved in these 
inventions is sensitive to any change in physical 
properties, sucH as elasticity or temperature, that may ' 
* cause misalignments of the; various cdmpbhents with ' 
attendant optical defects, or require a new calibration; 

20 Moreover, major problems are related to the high mass aind * 
poor optidaT quality that tesult from hav^^^ a relatively 
large volume of liquid contained between optical 
membranes. 

25 Several patents teach the application of liquid-crystal 
layers for use in eyeglasses. Such layers, having optical 
properties that depend upon applied electric fields, can 
be used to change the transmissive or the focal properties 
of eyewear lenses according to the desires of the wearer 

30 (see, for example, U.S. Patent No. 5,113,270). 

Intraocular lenses have also been envisioned with focal 
properties varied by amount or type of injected fluid, or 
by voltages applied to liquid crystals, or by holographic 
35 fragments. 



The principal difficulty in making eyeglasses having 
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sufficient focal range with liquid crystals is the limited 
range of refractive index available due to change of 
electric fields, which requires thick layers of fluids, 
and the turbidity of such liquids, making the transmission 
5 of thick layers unsatisfactory for use in eyewear. 
Additionally, there are technical difficulties in 
producing the necessary precise distributions of high 
voltages to enable good focusing. 

10 Lack of sufficient range of refractive index also limits 
the use of liquid crystals in thin layers which 
alternately match, or do not match, the refractive indices 
of the surfaces enclosing them, so that diffractive lenses 
present on those surfaces are optically present or absent 
15 according to voltages applied to the liquid crystals. The 
principal difficulty of this approach, to obtain 
: sufficient index mismatch to enable a lens to focus, a 
i large fraction. of the light passing through it, remains 
largely*. uhsp:lved.'; . 

Therefore, this invention is. directed at a novel approach 
to providing variable focusing power of an optical system, 
wherein the focal length is determined by the optical 
properties and variable combinations of various fixed 
25 solid components in a device, rather than the manipulation 
and deformation of liquid layers and flexible memtfranes. 

BRIEF SUMMARY OF THE INVENTION 

30 

The primary objective of this invention is the rapid 
change of optical or light-handling properties of an 
optical system between multiple transmittance states. 

35 Another specific objective of the invention is a system of 
corrective lenses having variable focal length depending 
on the introduction of liquid layers into the optical path 
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of the system • 

Another object is a system that involves the manipulation 
of only tiny amounts of liquid between solid optical 
5 surfaces, preferably either adhered to a surface or 
flowing between fixed surfaces (rather than between 
flexible membranes or between a fixed surface and a 
membrane, as taught in the prior art). 

10 Still another goal of the invention is a system suitable 
for coupling with a rangef inder to determine the desired 
focal adjustment by sensing the presence of a primary 
object within a certain range of distances in the field of 
vision of a user and automatically adjusting the lenses to 

15 a corresponding predetermineci setting that^causes them to 
be in focus for a viewer in that pc^rticular range of 
distances../-.; • . .... '^_r:- -y^ ... ;■: --r^-^: <{::.:y-'.. ' " ' . - . - 

A further goal pf the r invent ion, ^i^^^^ appara.tijjs ..t^hat 
20, enables the utiaizatiqn of ,soli;d; def ined 

optical , prpper;ties , 7 jsuch as . Kinof prm , lenses , ^. to provide, 
. r. specif ic: alternative optical corrections,, in .CQmbi^ 
: with removable liquid layers.. 

25 Still another objective is the development of systems that 
can be implemented with pairs of one-dimensional 
kinoforms, thereby reducing the complexity and cost of 
manufacturing accurately formed lenses. 

30 Another goal is a method of manufacture of kinoform lenses 
that is particularly suitable for manufacturing the one- 
dimensional kinoforms of the invention reliably and 
inexpensively. 

35 According to these and other objectives, the present 

invention consists of devices made of transparent optical 
elements having surfaces separated by small distances. 
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typically less than a few hundred micrometers. The 
transparent elements contain roughness, kinoforms, 
Presnel-lenses, or other surface-relief structures with 
predetermined optical properties that affect the passage 
5 of light (or other electromagnetic radiation) through the 
optical elements by refraction and/or diffraction. By 
introducing a liquid with a refractive index matching or 
nearly matching that of the transparent elements' material 
into the space between the surfaces, the effects of the 
10 surface structures disappear almost completely, thereby 
changing the optical characteristics of the device. Thus, 
this effect can be used advantageously to change the focal 
properties, scattering properties, or light-directing 
properties of different kinds of optical devices. 

15 

According to one aspect of the invention, a system of < 
corrective lenses for eyeglasses includes a surf aice on an 
bjptical component formed to cohtiain a specif ib kinoforia 
lens designed for diffracting light according to a . 

20 predetermined pattern. A liquid layer of matching 

refractive index iis coated onto an oppoising smooth surface 
and used to change the properties of the kinbform by . 
flooding the lens by contacting the opposing surfaces, 
thereby reducing the kinoform to a featureless surface of 

25 negligible roughness, thus greatly changing its optical 
properties. The changes can be reversed by removing the 
liquid layer by separation of the opposing surfaces. 
Thus, the liquid layer can be introduced or withdrawn at 
will to cause the reversible appearance or erasure of 

30 kinoforms that serve as optical lenses, thereby changing 
the optical properties of the device. The same optical 
results can be achieved by filling the space between the 
opposing surfaces with a non-wetting index-matching fluid, 
which can then be withdrawn to restore the effect of the 

35 lens. 



According to another aspect of the invention, switchable 
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optical devices are disclosed based on the utilization of 
combinations of one-dimensional (linear) kinoforms. As 
well understood in the art, "linear" or "cylindrical" 
lenses are focusing elements that focus only in one 
5 dimension. Linear kinoform lenses can be formed on either 
flat or curved optical surfaces, and the combination of 
two linear kinoforms with crossed axes is equivalent to a 
single conventional lens that focuses in two dimensions. 
The invention includes an easier, quicker, less expensive 
10 and more accurate method for manufacturing such kinoforms 
than previously known in the art* 

Various other purposes and advantages of the invention 
will become clear from its description in the 

15 ispecification that follows and from the hovel features 
.particularly pointed out in the appended claims; ^ 

: Therefore, to the accomplishment the objectives 

described above, this invention consists of the features 

; hereinafterJ^illustrate^^^^^ in the drawings, fully described 

2orin thja detailed 'description of the pref erred embodiment . 

/ ^ -and partibiilarly' ■ pbihte^^ out in.' the ^claiias. - H6weverr;V such- 
drawings arid description disclose but one of the various ' 
ways in which the invention may be practiced* 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. lA is a schematic representation of a switchable 
window or mirror consisting of two opposite plates with 
30 interior surfaces containing at least one rough surface 
for scattering light passing through the assembly. 

Fig. IB is an illustration of the assembly of Fig. lA 
where the gap between the opposite plates has been filled 
35 with a fluid having an index of refraction equal or nearly 
equal to that of the plate containing the rough surface, 
thereby substantially eliminating all random refraction. 
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Fig, 2A is a schematic representation of a switchable 
kinoform or Fresnel lens consisting of two opposite plates 
with interior surfaces containing a refracting and/or 
diffracting structure and an index-matching liquid film 
5 separated by a gap, thereby providing a structure 
functioning as a lens for light passing through the 
assembly . 

Fig. 2B is an illustration of the assembly of Fig. 2A 
10 where the two opposite plates have been pressed together 
to cause the liquid film to fill the gap between plates, 
thereby substantially eliminating the lens effect provided 
by the refracting surface. 

15 Fig. 3A is a schematic representation of a switchable 

kinoform or Fresnel lens consisting of two opposite plates 
with interior surfaces containing at least one kinoform 
structure for : refracting light passing through the 
assembly V- ■■■ 

20- • ... . ■ ■ ... . . . . . 

Fig. 3B is an illustration of the asseinbly of Fig. 3A 
where the gap between the opposite platen has been filled 
with a fluid having an index of refraction equal to that 
of the plate containing the kinoform lens, thereby 
25 substantially eliminating its effect. 

Fig. 4A is a schematic representation of two opposite 
plates combining a switchable inner kinoform or Fresnel 
lens, contained on a surface within the gap between the 
30 two plates, with a non-switchable outer kinofonn or 
Fresnel lens formed on a surface exterior to the gap. 

Fig. 4B is an illustration of the assembly of Fig. 4A 
where the gap between the opposite plates has been filled 
35 with a fluid having an index of refraction equal to that 
of the interior surface of the plate containing the 
kinoform lens, thereby substantially eliminating its 
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effect. 

Fig. 5 is a schematic illustration of a system with two 
lenses in series and two fluid pumps, in the form of 
5 syringes, for squirting index-matching fluid through 
connecting tubing into the gaps between pairs of 
kinoforms, each pair comprising one lens. 

Fig. 6 is a schematic illustration of a mandrel with a 
10 negative cylindrical kinoform pattern on its exterior 

bicurved structure produced using a diamond-turning lathe. 

Figs. 7A, 7B and 7C illustrate different lens- 
configuration designs having two or morie different optical 
15 powers , depending on where index-matching liquid is - 
injected between bptica;l cbmporiehts. • 

" Fig . 8^^^ i 1 lustrat^s a switchable optical window that ; 

reflects most light incident upon it 'from either side when 
20 no liquid is present and transmits most light from: either 
^ v>feide wk^h the space between ther^^^^ 

iriaexHBidtching liquid, ^ > 

25 DETAILED DESCRIPTION OF THE INVENTION 

It is known that the light scattering effect of a rough 
optical surface on a transparent material is virtually 
eliminated by the application of a fluid film having a 

30 refractive index equal to that of the material so that the 
irregularities in the rough surface are filled to form a 
uniform layer with a smooth surface. The heart of this 
invention lies in the idea of utilizing this phenomenon to 
develop a class of new devices with optical properties 

35 that can be changed significantly (altered or switched on 
and off) by the alternative introduction and extraction of 
thin liquid layers between opposite optical surfaces. 
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For the purposes of this disclosure, a conventional 
(spherical) lens is defined as a lens that focuses in two 
directions, converting a point object into a point image 
(neglecting the effects of aberrations). Such a lens is 
5 typically formed as two spherical surfaces serving as the 
boundaries of a transparent body. A cylindrical lens is 
defined as a lens that focuses in one direction only, 
converting a point object into a line image. Such a lens 
is typically ground and polished as a transparent rod, or 
10 is otherwise formed to have constant cross-sectional shape 
along one direction, its axis, and to have a cross 
sectional shape with a boundary consisting of a circular 
arc and a straight line connecting the ends of the arc. 

15 The term "kinoform," as used herein, is intended to mean a 
sawtooth surface profile on an optical component, with 
V typical profile heights of the order of a wavelength of 
v4^^ and spacings designed to: focus, or. 

direct light as desired. A properly^designed and 

20 .cbhistrudted kinoform ideally has 100% diffraction 
; efficiency for creating an image at one particular 
wavelength. Most kinoforms are either used as holograms, 
diffraction gratings or as lenses, often microlenses. 
Diffraction gratings are composed of ruled, etched, or 

25 built-up lines on a substrate that may be flat or curved, 
the lines usually being parallel to each other or 
approximately so. Kinoform lenses typically consist of 
circular-relief patterns etched into, replicated onto, or 
deposited onto flat substrates. Many techniques for 

30 making such optical devices are well known in the art 
(see, for example, U.S. Patent No. 5,745,289). 

A surface on an optical component can be formed to have 
either random roughness or specific surface shapes 
35 (Fresnel lenses, microlenses, gratings, staircase 
profiles, kinoforms and the like) for the purpose of 
scattering, imaging, diffracting or otherwise directing 
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light. Applying the concept of the invention, a liquid 
layer coated onto such a surface can be used to change its 
properties, for example, from strongly scattering, 
focusing or diffracting to those of a featureless surface 
5 with negligibly small roughness. After application of the 
liquid layer, such a surface would no longer be 
significantly diffracting, focusing, or scattering, thus 
greatly changing its optical properties. Furthermore, 
these changes can be reversed by the removal of the liquid 
10 layer. 

Therefore, it is anticipated that a variety of useful 
devices can be made advantageously by the reversible 
addition of liquid layers between pairs of optical 

15 surfaces to cause the* erasurei 'bf kinoforms or other^^ 

. optical struetures thait serve as optical a 

- diffraction gratings, or other o -thereby 
changing theit bj^ical ^properties i^ T^ 

include at least a pair of optical surfaces^ separated by a 
20 typical distance df ai' fractiohrof a iaillimrter, with.-at 
least one of thel'^ppdsiing^^^su^f ac^ 

rough or formed into a kinbf brm or other diffract! ve or 
refractive structure. In addition, each such pair of 
optical surfaces is connected to a source of liquid 
25 adapted to reversibly fill the space between the optical 
surfaces with an index-matching liquid. 

Thus, an optical device so constructed has two modes of 
operation for each pair of closely-lying opposite surfaces 

30 between which liquid may be introduced and removed. For 
example, the device may have two different focal lengths, 
two different transmissivities , or two different sets of 
color-handling properties, for each such pair of surfaces. 
As such, N independently operable pairs (devices) in 

35 series produce a device capable of having 2^ independent 
sets of properties. 
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The principle of the invention is illustrated in the 
switchable window or mirror 10 of Fig. lA* Two plates 12 
of the same material are randomly or systematically 
roughened, with roughness comparable to the wavelength of 
5 visible light, and placed with the rough faces opposite to 
each other. As a result of the scattering produced by the 
rough surfaces, incident light rays LI cannot be 
transmitted undeviated through the assembly, as 
illustrated by the rays LE emerging therefrom. Thus, an 

10 image cannot be transmitted by such an assembly. However, 
as illustrated in Fig. IB, if a liquid 16 with a 
refractive index substantially equal to that of the plates 
12 (or that of the roughened layer, if different) is 
introduced into the gap 14 between them, the roughness is 

15 smoothed and disappears optically, so that an image can 
readily be seen through the assembly. Therefore, such a 

= . .device can iservie as , a switchable window or, if either 
; ;^surf ace on oner component is made reflective,, ^ as a .... 
switchable iairror. As well understood by those skilled in. 

20 the art, similar effects can be obtained with a plate 
.whereon only onie surface has been roughened, so long as 
the liquid matches that platens refractive index. 

Inasmuch as the invention is expected to produce great 
25 advantages and find economical applications in the field 
of eyesight correction, it is detailed below principally 
with reference to lenses for prescription eyeglasses. The 
production of a sharp image on the retina of the eye, 
which corresponds to a view that is in focus to the 
30 observer, requires that the successive refraction of rays 
of light from a point on the object being observed through 
the various surfaces in the path of travel of the light 
result in their convergence to a single point on the 
retina. People with normal eyesight can naturally adjust 
35 the refractive power of their eyes to cause such 

convergence in most instances. On the other hand, the 
refractive effect of each lens in prescription eyeglasses 
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is designed to compensate for the refraction capability 
that is missing in the eyes of people with abnormal 
eyesight, either because of age or other vision defect. 

5 According to the present invention, a new type of vision- 
compensation lens to provide the needed supplementary 
refractive power consists, in its simplest embodiment, of 
a liquid-switched optical element. Referring to the 
drawings, wherein like parts are identified throughout 

10 with like symbols and numerals. Fig. 2A is a schematic 
view of an eyeglass lens assembly 20 embodying the 
variable focal length system of the invention. The 
assembly comprises a switchable kinoform or Fresnel lens 
22 disposed substantially parallel to a transparent plate 

.15 24 having substantially the same radii of curvature. A 
fluid 26 with a refractive index matching that of ,the ^ 

,v : mjafe^sxial^ is deposited qii the^ . 

, ^ :^,ayth4^kness;:> g^ than ,th(^ depth of the ^kinoform^s, 

, V structure, ^^.^a^ gap 28. is l^f It between the twp oRppsipg 

2p surfaces. As such, the assembly 20 functions as a len% 
. hayin^^^^ the kinoform or Fresne^l 

. ^■..lens.v 22.: . . -. ^ . 

According to the invention, the lens assembly 20 can be. 

25 switched to a second mode of operation wherein the 
refractive effects of the lens 22 are virtually 
eliminated. As illustrated in Fig. 2B, switching is 
accomplished by mechanical contact of the lens 22 with the 
index-matched fluid 26 adhered to the plate 24, so that 

30 the fluid fills up the surface pattern of the kinoform 
structure and optically cancels the operation of the lens. 
To reverse the effect and return to the refractive mode, 
the fluid-carrying plate 24 is removed mechanically away 
from the lens 22, in which case the optical 

35 characteristics of the lens are restored as the fluid 26, 
adhering preferentially to the plate 24, self-flattens 
under surface-tension forces. A mechanism 29, illustrated 
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schematically in the figures, must obviously be provided 
to cause the contacting and separation of the lens 22 and 
plate 24, as needed for the operation of the invention. 
Because of the small motions required, it is anticipated 
5 that piezoelectric actuators may be used to move the lens 
and provide an electromechanical control of the focal 
length of the assembly. Thus, it is clear that this kind 
of optical device is functionally equivalent to a bifocal 
lens with the added advantage that the correction extends 
10 to the entire field of vision of the lens. 

It is understood that the liquid 26 must be capable of 
adhering to the plate 24 but not to the lens 22, 
preferably through the action of surface-tension forces. 

15 Thus, for example, if the liquid 26 consists of a water 
solution, the lens 22 and the plate 24 need to be 
hydrophobic and hydrophilic materialsv respectively. The 

•:: .^liquid V 26^^^^^^m^ be a soft plastic / such as a silicQne-r % 

based miateriat, so long as it is capable of regaining ya 

20 smooth surface rapidly when no longer pressed against the 

■-■•^'^'•kinoform.-^ 

Another embodiment 30 of the invention shown in Figs. 3A ^ 
and 3B consists of a kinof orm or Fresnel lens 32 ^ 

25 switchable by the introduction or withdrawal of a fluid. / 
A conforming protective transparent sheet 34 is located a 
small distance away from the lens 32, which includes a 
pattern formed in its surface to affect the light 
transmitted and/or reflected by the assembly. The sheet 

30 and the lens may be curved, as shown, or planar. An 

index-matching liquid 36 introduced into the space between 
the lens 32 and the sheet 34 fills in the lens pattern and 
causes the removal of its optical effects. It is noted 
that a similar effect could be obtained with a 

35 transmission grating, rather than a kinof orm or Fresnel 
lens. 



wo 01/22148 PCT/USOO/40948 

15 

Thus, when no liquid is present to flood the kinoform, as 
seen in Fig. 3A, the assembly 30 acts as a lens (or 
grating, if so designed). When the liquid 36 is 
introduced between the interior surfaces of the lens 32 
5 and the sheet 34 and optically matches the lens surface, 
the refractive effect of the patterning on the lens is 
removed- Therefore, the assembly acts as a transparent 
plate, except possibly for residual focusing effects due 
to the curvature of the plates, if any. 

10 

In yet another embodiment 40 of the invention shown in 
Figs. 4A and 4B, two substantially parallel kinoform or 
Fresnel lenses are combined. A first lens 42 includes a 
refractive surface facing the gap between the two lenses, 

15 while the secpnd lens .44. has the kinoform structure on its 
outer surface (Fig. 4A) . As in the other« embodiments, 
; . switching;^ isv accoppl .inde>c-matched . , 

fluid 46y.to.^fiai^u vMie^^irr^gularii^ .ttie surf.ace,.. 

; , .patterning^ of: the interior -lens;, 42,,vthereby. optically 

20 cancelling the operation o^^^^^^ as jLllustrated in . 

. Eig. -4B, The refractive^ effect; of t^^^ secon<J lens 44 
remains unaltered. Thus., -the. index-rmatching fluid 46 
injected between the components reduces the optical power 
by filling up the interior kinoform's structure so that 

25 the interior region becomes equivalent to just a parallel 
plate. As a result, the interior kinoform no longer 
contributes to the focusing power of the assembly. 

It is noted that the amount of fluid required for 
30 switching is small. For example, if the components are 
disposed 20/im apart and have a surface area of about 100 
cm* (considered very large for eyeglasses), the total 
volume of fluid needed is only 0.2cc. If the fluid does 
not wet the components, it is easily removable through 
35 suction with a slight vacuum. If necessary, the space 
between the components may also be slightly wedged to 
facilitate removal of the fluid. Obviously, channels for 
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ingress and egress of fluid through the frame used for 
mounting the lens components must be provided, but such 
structures are well known in the art relating to liquid 
lens devices. Similarly, devices for moving small amounts 
5 of fluid are known. Therefore, such details are not 
described here. 



Fig. 5 illustrates schematically a two-lens assembly 50 
with two fluid pumps 52, in the form of syringes, for 
10 squirting index-matching fluid through connecting tubing 
54 into the gaps between pairs of surfaces 56 and removing 
it therefrom by suction, thereby turning off and on, 
respectively, the focal action of each pair of surfaces. 
It is anticipated that several different fluid-handling 
15 systems could be used to implement the invention. For 
example, manually or motorized hypodermic syringes, 
/peristaltic; pumps, compressible bulbs/ and piezoelectric, 
. *^hydfaui4c : or : pneumatic actuators could all be used 

. :advantiagie6usly tb inject and withdraw the index-matching- / 
•20->.flui^;v-;.- ■• ■ .:■ ^ ' 

The use of one-dimensional (linear) lenses is considered 
particularly suitable for eyeglasses and other optical 
devices constructed according to the invention- Each 

25 switchable lens consists of two opposite surfaces, which 
may be two linear kinoforms with their axes perpendicular 
to one another. Because the combination of two linear 
kinoforms with perpendicular axes corresponds to a single 
conventional lens that focuses in two dimensions, all 

30 forms of eyesight correction can be achieved with linear 
lenses, which are simpler and less expensive to 
manufacture than conventional two-dimensional kinoforms. 
Thus, another aspect of the present invention teaches an 
improved method and apparatus for manufacturing one- 

35 dimensional kinoform lenses. 



As illustrated in Fig. 6, a mandrel 60 is made with a 
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negative cylindrical kinoform pattern formed on a 
spherical or bicurved structure using a diamond-turning 
lathe, or by other means known in the art. The 
circumferential lines 62 shown for illustration on the 
5 spherical part of the mandrel correspond to the first two 
structural steps on each side of the centerline of the 
cylindrical kinoform lens to be produced thereby. It is 
noted that the central part of the mandrel could be made 
in equivalent fashion in the form of a prolate or oblate 

10 spheroid to correspondingly produce lenses of different 
radii in perpendicular directions, as in some conventional 
eyeglasses. Moreover, if the curvature of the two 
cylindrical kinoforrafe used to duplicate the function of a 
conventional lens is not the same, two separate mandrels," 

15 for Vertical and horizontal lines,, need ^to-b used. ; 

• - Using^ ^ described,: th)e- process of ^ producing^ a 

3Jens^ invbiives %Kei following ^ steps ,:^whlch ^^^ - 
' ^kribwft but; hi^ used or; ^uggestfed ^fbr: making >^ ^ 

?2d Ilniear^ kiAtof oria^^ a- mold is^iitiade Ito:;^ f it the ^ ^ 

' ^exter^ibr'^istirfac€r^^^^ the kaindrel, within airspace bf ^ : 
suitable thickness left between the mandrel and the mold. 
The xriold need only be as large as an eyeglass lens blank. 
Next, the airspace is filled with a casting resin or other 
25 transparent casting compound- When the -resin is almost 
completely hardened, the mold is removed and the casting 
is cured as needed (i.e., baked, UV treated, aged, etc.). 
Finally, one or more lenses are cut out of the cured 
casting. Such lenses are often referred to as daughter 
30 lenses; that is, they are the product of first-generation 
casting. The resulting kinoform lens formed on a 
negative-pattern mandrel is a positive lens formed on a 
concave surface. 

35 For positive lenses on a convex surface, an intermediate 
step is required. First, a mandrel is made with a 
positive cylindrical kinoform lens structure on its 
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exterior surface. Then, the first-generation casting, 
which will have a negative kinoform lens on its outside 
concave surface, is used as the mold for a second- 
generation casting, which will have the desired shape. 

5 

A lens could also be molded simply by lowering the mandrel 
into a disk-shaped container filled with an appropriate 
monomer, such as CR-39®, sold by PPG Industries of 
Pittsburgh, Pennsylvania, or poly methylmethacrylate 

10 (PHHA), and causing the monomer to polymerize. If the 
radii of curvature of the bottom of the monomer's 
container match the curvatures of the mandrel, the 
resulting lens can be nearly net shape, and quite thin (1- 
2mm, preferably thin for lightness and thick for 

15 strength). Thus, this method of lens manufacture is also 
suitable for direct use of commercially made blanks 
according to the following procedure v Netrshape cast 
' ^lisinks of CR-39 (or other aplastic) are coated with .a thin 
layier of transparent adhesive capable of adhering to the. 

20 blank but not to the mandrel; then the adhesive is brought^ 
into contact with the mandrel, caused to harden (perhaps . 
^'UV activated) , and removed from the mandrel. Thus> the 
technique is simply one of replication, a well understood . 
and reliable way for making good and inexpensive optics, 

25 using the mandrel of the invention. It is noted that the 
surface-relief structure on the mandrel is preferably made 
using a diamond lathe, but alternatively it can 
constructed by mask-based photolithography or by 
evaporation and deposition of dielectric or metallic 

30 layers on the mandrel. However, diamond-turning is 
believed to yield the best and least-expensive master 
mold. 

Coining and other pressing-based methods, including 
35 injection-molding, could also be carried out using the 
mandrel of the invention by pressing it onto discs of 
appropriate material (such as PMMA). If necessary, 



wo 01/22148 



PCT/USOO/40948 



19 

heating could be provided from inside the mandrel. 
Alternatively, long strips of preheated PMMA could be 
passed under the mandrel as it rotated, thereby making 
long strips of cylindrical Fresnel lens that could then be 
5 stamped, sawn or laser-cut into eyeglass-shaped lenses. 
However, replication is expected to remain preferred 
because of its proven record in diffraction-grating 
production • 

10 As explained, it is expected that the lenses produced with 
the mandrel of the invention can be made of nearly net 
shape. Similarly, they can be formed with compound 
curvature, with concave (or convex) surfaces having 
different curvatures in two directions, just as in 

15 conventional, eyeglasses. Optical systems having, more than 
one lens are expected to require both concave and convex 
sides , on, spme;,cpm^ On , the other hs^i>d, b^^^ 

. ... their ^relati^ ,f rj^ili^tY/ vi*-^^ Pf f. P^^^^^^^-f^? ^-^J^^^f 
no ?res.njBl or^.^^^^^^ on exposed surfaces. ^ 

20 ,|rheretP?r;!B, .^ff^m^^g^ : for example, that horizontal an^ 
vertical; kinoCpras are -to be ^^p^ on the convex and 
concave sides ;Of a, l^ns, -respectively, three different 
kinds of moldings would be required. The first type 
includes, for ; instance, a horizontal kinofprm on the 

25 convex side, the other side being smooth; the second type 
includes a vertical kinoform on the concave side, the 
other side being smooth; and the third type includes 
kinoforms on both sides, a horizontal kinoform on the 
convex side and a vertical kinoform on the concave side. 

30 

In order to manufacture eyeglasses, cylindrical lenses 
made by the process of the invention would preferably be 
assembled into solid fixed assemblies to avoid the use of 
flexible hinges or other moving components. Figs. 7A, 7B 
35 and 7C illustrate different lens-configuration designs 
having two or more different optical powers, depending on 
where index-matching liquid is injected between optical 
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components. Each interior surface consists of a linear 
(cylindrical) kinoform component. The symbol V indicates 
a vertical axis; H indicates a horizontal axis. Using a 
focal length of 1.25 meters for each kinoform, for 
5 example, each surface will have an optical power of 0.8 
diopters (neglecting any refraction due to curvature). 
Thus, referring to the figures, the following different 
kinds of components are shown. Component A has a 
horizontal kinoform on its convex surface; component B has 
10 a vertical kinoform on its concave surface; and component 
C has a horizontal kinoform on its convex surface and a 
vertical kinoform on its concave surface. All three kinds 
of components can be made with a single mandrel, used as 
detailed above to make, for example, 0.8-diopter 
15 cylindrical Fresnel lenses. Thus, as one skilled in the 
art would readily understand, the power of a composite 
,:r .;^^^ with focal lerigth of 
:'\-r' .i:: r'^y'^'^hz^^-?^^^^'-^^ vary from zero to (N-1)(0.8D) diopters in 
, . . , ^^^^ external surfaces for 
5-;. .20j, proteption. ... . 

. o.The refractive indices of the materials of the invention ^ 
are wavelength-dependent and temperature-dependent • 
Therefore, the best choice of refractive indices for a 

25 particular application requires a judicious balance 

between optical performance and practical considerations 
such as other physical properties, safety, toxicity and 
cost. Tests have shown that within the temperature and 
wavelength ranges of interest for the invention a 

30 satisfactory approximate refractive-index matching can be 
achieved both with oil-based and water-based liquids. For^ 
example, using PMMA (refractive index of 1.49) for the , 
lens material, oil-based geraniol (index of 1.46) and 
citral (1«48), and water-based potassium acetate, 

35 potassium citrate, magnesium chloride, and magnesium 

nitrate, either alone or in combination, would be suitable 
index-matching liquids to practice the invention. It is 
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noted that the refractive index of water solutions is a 
function of solute's molecular weight and concentration. 
Therefore, these parameters can be manipulated to produce 
the desired value. 

5 

To the extent that a perfect match of the refractive index 
may be difficult to obtain, applying a simple anti- 
reflection coating to the internal (fluid-contacting) 
faces would largely solve the problem for devices used in 

10 transmission, such as eyeglasses and windows. The coating 
can be simply a single layer having optical thickness of 
(1/4) -wavelength for visible light (that is, about 100 
nanometers in physical thickness) . In that case the layer 
needs to have a refractive index that is about the 

15 geometric mean of that- of : the fluid and that of the 

plastic. Silicon dioxideV(on polycarbonate plastic lenses 
or windows) isVa;;good:antd^re 
V ai^piacation^ because ;d:t^ i^ \ . 

saf e: and easy T to VJapplyv^and : p perf ect ; < 

20 index match .witb^jnany^ttJifferent water solutions having 
modest concentrationsvi The cpatihg can; further > include a 
(much thinner) chemical treatment vlayer to make it 
hydrophobic, or oleophobic, or as needed. 

25 A single layer anti-reflection coating suffers from the 
defect that it works perfectly only at one wavelength, on 
one substrate, with one fluid at one temperature; however, 
if the combination of fluid and layer is optimized at the 
peak of the eye's response, at room temperature, the layer 

30 will still be helpful for the whole visible range, over a 
wide range of temperature, and with the liquid either 
present or absent. As well understood in the art, 
multilayers could be designed easily to have better 
performance . 

35 

Thus, it has been shown that the present invention 
includes eyeglasses whose optical power depends upon 
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liquid-switched lenses, such as kinoforms, the focal 
length of which can be changed at will by a wearer. It is 
anticipated that the optical power of such eyeglasses may 
be automatically controlled by an auxiliary rangefinder. 
5 The invention also encompasses liquid-switched diffractive 
optical systems other than lenses and arrays of lenses; 
for example, microlenses used in switchable fiber-optic 
fan-out assemblies, diffraction gratings used for 
analyzing spectra, gratings for wavelength-dispersed 

10 multiplexing of optical signals in fiber-optic systems, 
and gratings on the surfaces of optical fibers for 
manipulation of specific wavelengths within the fibers. 
The invention in each case utilizes the manipulation of 
very thin layers of liquid for changing optical powers of 

15 eyeglasses and other lens systems, deflecting paths of 
light beams, changing the chromatic properties of light- 
hahdling systems so that different wavelengthis. can be^;^ ; 
steiered into differeint directions, or blocking light from 
■ certain paths/' • ■ : -f.^.;. •-■•.i/' 

20^->:v^i- - ■ .• ..• . ■ 

This invention is beliieved to have particular signif icancei 
at the present time because of the growing market of aging^ 
baby-boomers. It allows for a significant improvement to „ 
eyeglasses: a lightweight assembly that has the capability 

25 to focus as desired by a user. It therefore has 

widespread application and fulfills widespread long-felt 
needs. It also has application to laboratory optics 
requiring variable focus, and to switchable windows. 

30 It is noted that another way by which a switchable window 
could be made involves the use of a thin, transparent 
sheet between two closely-spaced transparent panes. The 
thin transparent sheet should be embossed, frosted, or 
otherwise formed to have an irregular thickness and/or 

35 irregular surface(s) to make the sheet translucent and to 
provide channels for liquid ingress and egress. When an 
index-matched liquid is introduced between the window 



wo 01/22148 



PCT/USOO/40948 



23 

panes and immerses the thin transparent sheet, the fluid 
cancels out the irregularities and the assembly becomes 
transparent. This arrangement has the advantage that the 
structuring of the thin sheet can be done independently of 
5 the manufacturing processes used to provide the window 
with good structural integrity. 

A switchable window can also be obtained between fully- 
transparent and nearly fully reflecting elements, without 

10 using any reflecting coatings, if the interior surfaces of 
the elements are formed into long narrow prisms or into 
pyramids, each with an approximately 90-degree apex, as 
illustrated in Fig. 8. The prisms need not be 
interlocking;. Without an index-matching fluid, light 

15 incidertt over a rang^^^^ incident angles is totally 
internally reflected/ from either' side. With fluid 

• - E)reS^^^ without deviation v 

Vairious^' OtKer in tlie stfeps^^and matOTials v 

atr^that fiave may be made by those skilled in 

* tlfe'ar^ vn.thih^ scope of the invention > 
' Herein aiiustratfed^M^ ih the appended claims.^ 

Therefore, while the present invention has been shown and 
described herein in what is believed to be the most 

25 practical and preferred embodiments, it is recognized that 
departures can be made therefrom within the scope of the 
invention, which is therefore not to be limited to the 
details disclosed herein but is to be accorded the full 
scope of the claims so as to embrace any and all 

30 equivalent apparatus and methods. 
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I claim: 

1. A switchable optical device comprising, in 
combination: 

5 (a) a first optical component having a first surface 

including a relief structure with predetermined optical 
properties that affect passage of electromagnetic 
radiation; 

(b) a second optical component having a second 

10 surface opposite to said first surface and separated by a 
gap ; and 

(c) means for reversibly applying a film of fluid 
over said relief structure in the gap between the opposite 
surfaces; 

15 wherein the fluid and the relief structure have a 

substantially ec[ual index of refraction. 

:2v'^j:J'|i^. optical device described in Claim 1, wherein said 
relief structure is a kinoform. 

20, • 

3. :The optical device described in Claim 1, wherein said ,\ 
relief, structure is a linear kinoform. . l 

4. The optical device described in Claim 1, wherein said 
25 first and second surfaces are substantially parallel to 

one another. 

5. The optical device described in Claim 1, wherein said 
first and second surfaces are substantially parallel to 

30 one another, and each surface includes a linear kinoform 
in perpendicular alignment. 

6. The optical device described in Claim 5, wherein said 
first and second optical components are curved. 

35 

7. The optical device described in Claim 1, wherein at 
least one of said first and second optical components is 
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curved. 

8. The optical device described in Claim 1, wherein said 
relief structure is a diffraction grating. 

5 

9. The optical device described in Claim 1, wherein said 
relief structure is a grating for wavelength-dispersed 
multiplexing of optical signals in a fiber-optic system. 

10 10. The optical device described in Claim 1^ wherein said 
relief structure is a grating on an optical fiber for 
manipulation of specific wavelengths within the fiber. 

11. The optical device described in Claim 1, wherein said 
15 relief structure is random roughnesis to establish 
scattering in an optical window. - - 

- 12 . The 'optical dfeviice? d^cri?bed ih'CiaiiSi iV^ 'wherein said 

flim of f luid is permariiBntay attaLChed 'td the s6c 
20 surface and said means Vf or rfeversibly applying film of 
c :: f over the relief structure i^cbmpriiseisa^^m^^ if or 

pressing the two surf aces tbgeth^r , 'thereiby ca^^ 
fluid to cover the relief structure. ^ 

25 13. The optical device described in Claim 12, wherein 
said mechanism includes a piezoelectric actuator. 

14. The optical device described in Claim 1, wherein said 
means for reversibly applying the film of fluid over the 
30 relief structure comprises a mechanism for reversibly 
flowing the fluid from a reservoir into the gap between 
the two surfaces, thereby causing the fluid to cover the 
relief structure. 



35 



15. The optical device described in Claim 1, further 
comprising additional pairs of opposite surfaces optically 
aligned with said first and second surfaces, each pair 
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including at least one additional relief structure with 
predetermined optical properties that affect passage of 
electromagnetic radiation; and comprising, for each 
additional pair of opposite surface, an additional means 
5 for reversibly applying a film of additional fluid over 
said additional relief structure in a gap between said 
additional pair of opposite surfaces; wherein the 
additional fluid and the additional relief structure of 
each additional pair of opposite surfaces have a 
10 substantially equal index of refraction. 

16. A mandrel for molding a linear kinoform comprising: 

a body having an exterior surface of symmetrical 
geometry about a main axis of rotation; and 
15 . a cylindrically symmetrical kinoform relief formed on 
said exterior surface of the body. 

^y^l7. A method for altering theVpassage of electromagnetic 
radiation in an optical device, comprising the following 
20 ,;Steps : 

(a) providing a first optical component having a 
first surface including a relief structure with 
predetermined optical properties that affect passage of 
electromagnetic radiation; 
25 (b) providing a second optical component having a 

second surface opposite to said first surface and 
separated by a gap; and 

(c) reversibly applying a film of fluid over said 
relief structure in the gap between the opposite surfaces, 
30 the fluid and the relief structure having a substantially 
equal index of refraction; 

whereby substantially cancelling said predetermined 
optical properties of the relief structure. 

35 18. The method described in Claim 17, wherein said relief 
structure is a kinoform. 
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19. A method of manufacturing a linear kinoforiti lens 
using a mandrel comprising a body having an exterior 
surface of symmetrical geometry about a main axis of 
rotation and a cylindrically symmetrical linear kinoform 
5 relief formed on said exterior surface of the body, 
comprising the following steps: 

(a) casting curable lens material to fit the exterior 
surface of the mandrel; 

(b) if necessary, curing the cast lens material to 
10 hardness; and 

(c) cutting a linear kinoform lens out of the lens 
material . 



20. The method described in Claim 19, wherein step (a) is 
15 riepiiaced by the step of rotating the mandrel over a strip 
of cylindrical lens material to press a linear kinoform 
'therebrt ; ' ■ .- 
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